Parameter extraction procedure and simulation of dilute nitride solar cells are reported. Using PC1D simulation and fitting to experimental current-voltage and external quantum efficiency data, we retrieve the phenomenological material parameters for GaInNAs solar cells. Based on these, we have constructed a model that can explain the changes in short circuit current and open circuit voltage of n-i-p solar cells subjected to rapid thermal annealing. The model reveals that non-annealed MBE-grown GaInNAs material has an n-type doping that evolves to p-type upon rapid thermal annealing. The change of doping type and the shift of the physical location of the pn-junction were confirmed by Kelvin-probe force microscopy. The PC1D modelling was found to work well also for GaInNAs p-i-n solar cells with opposite polarity. It was also found that the GaInNAs lower doping levels in p-i-n solar cells grown at lowered As/III flux ratios were associated with increased carrier lifetimes.
Introduction
dilute nitride sub-junctions have been actively studied both experimentally and theoretically [1, [3] [4] [5] [6] [7] . Although the potential of this approach has been validated experimentally [2] , the connection between experimental results and simulation, in particular the reliable parameter extraction, has remained elusive. Here, we present a study for the simulation of single junction dilute nitride solar cells and extraction of useful physical parameters that can be used for simulation of high efficiency multi-junction cells. The effects of thermal annealing are also discussed.
Experimental
The experimental samples were prepared by Veeco GEN20 molecular beam epitaxy (MBE) system. The dopants were introduced from standard dopant cells, group III elements from SUMO cells and group V elements from valved cracker sources except nitrogen which was brought to the system using a radio-frequency plasma source.
We have studied two types of structures. The first sample type was nominally a single junction GaInNAs p-i-n type solar cell shown in Figure 1a . The structure comprised an unintentionally doped Ga 1−x In x N y As 1−y i-region, denoted as GaInNAs from here on, lattice matched to GaAs with a N-composition of y = 0.02 and In composition x∼2.7y. The GaInNAs layer was placed between a 600 nm thick n-GaAs layer and a 300 nm thick p-GaAs layer and the whole structure was grown on an n-GaAs(100) substrate. For modeling purposes and performance analysis, a set of p-i-n GaInNAs structures were grown with different thicknesses ranging from 0.1 μm to 1.2 μm. The growth temperature was 440 • C and the As/III beam equivalent pressure (BEP) ratio for the growth of the GaInNAs layers was 10. Some samples were also subjected to rapid thermal annealing at 800 • C for 300 s prior processing into solar cells.
The second sample type was an n-i-p grown on a p-GaAs(100) substrate. This structure (see Figure 1b) was comprised of a 100 nm thick p-GaInP back surface field layer grown onto a thin p-GaAs buffer layer which was followed by a p-GaAs base layer and the GaInNAs i-region with y = 0.035 and corresponding E g = 0.947 eV. The emitter layer was made of 100 nm thick n-GaAs which was covered by a 20 nm thick AlInP window layer. The structure was finalized by growing a highly doped n + -GaAs contact layer. Beryllium was used as a p-type dopant and silicon was used as an n-type dopant. Solar cells were processed using a shadow mask and e-beam metallization. The p-i-n structures were left uncoated while the n-i-p structures were also antireflection coated by e-beam evaporation of TiO 2 /SiO 2 double layers to improve the characteristics of the cells. Solar cells were characterized by I-V measurements and external quantum efficiency (EQE) measurements. The I-V measurements were performed using a 1000 W Oriel solar simulator tuned to AM0 spectrum for p-i-n structures and to AM1.5G spectrum for the n-i-p structures. The EQE measurements were performed using a system comprising of a QTH lamp, a computer-driven DK240 monochromator, long-pass and short-pass filters, an SR830 lock-in amplifier, current-to-voltage converter and a NIST-calibrated Ge photodiode.
The modelling was done using the open source simulation tool PC1D [9] . PC1D is 1-dimensional finite-element solver for photovoltaic devices which is well suited for crystalline semiconductor devices [10] . A set of materialspecific parameters are also needed in PC1D simulations. The parameters are not always known for all the novel materials and one complementary way to obtain the parameters is to use PC1D simulations in conjunction with the device measurements to deduce the right parameters via an iterative fitting procedure.
The initial material parameters used in the simulations are shown in Table 1 . The values are either taken from literature or were based on measurements and earlier simulation work.
The simulations were performed using either AM0 or AM1.5G excitation spectrum. To simulate the response of the dilute nitride junction as a bottom sub-cell of a triple junction solar cell, a long-pass filter with a cut-off wavelength of 870 nm was used for p-i-n structures. The long-pass filter renders the action of the two top junctions grown above the GaInNAs junction in a triple junction solar cell.
The absorption coefficients of dilute nitride materials are not well known. For GaInNAs we used absorption coefficients measured previously by ellipsometry for materials with E g of ∼1 eV [7] . The bandgap differences between different material compositions were taken into account by simply shifting the absorption edge according to the band edge location. [14, 15] 0.03 (non-annealed) [15] 3 Results and Discussion
p-i-n Solar Cells
The short-circuit current densities (J sc ) and open-circuit voltages (V oc ) deduced from the I-V measurements for the non-annealed and annealed GaInNAs p-i-n solar cells with 2% N are shown in Figure 2 as Measurements were done at room temperature and with AM0 spectrum with a 870 nm longpass filter inserted between the light source and the sample. The measured Jsc and Voc data for the non-annealed samples are the same as in [7] .
The simulation model assumes that the differences in J sc and V oc between annealed and non-annealed samples arise from several simultaneous changes in GaInNAs material parameters. The main changes that were needed to reproduce the measured (I-V) characteristics are related to carrier lifetimes, doping type, carrier mobilities and doping profiles.
The GaInNAs layers in non-annealed samples were deemed to have ntype conductivity and the doping level in the model was set to 2 × 10 15 cm −3 . Furthermore, very short carrier lifetimes of 33 ps for electrons and 87 ps for holes and surface recombination rate of 10 6 1/cm were required for the best fit [7] . The carrier mobilities used for the non-annealed samples were 417 cm 2 /Vs for electrons and 90 cm 2 /Vs for holes. The minority carrier diffusion length in GaInNAs deduced from the simulations was ∼125 nm. This value is clearly larger than what was previously measured for 3 μm thick undoped GaInNAs bulk layers grown on semi-insulating GaAs substrates [16] .
For the annealed samples a very different set of parameters are needed to reproduce the measured I-V characteristics. First of all, the lifetimes are drastically increased upon annealing; about tenfold increase of the carrier lifetime was needed in the model for almost all annealed samples. Interestingly, the conductivity type of GaInNAs had to be changed from n-type to p-type to account for the increased V oc and the behaviour of J sc with increasing GaInNAs thickness.
The doping type change was confirmed qualitatively by performing Kelvin probe force microscopy (KPFM) on the sample with 900 nm thick GaInNAs layer. Figure 3 shows the KPFM potential profiles measured across the cross-sections of the non-annealed and annealed p-i-n junctions. In the nonannealed sample the potential drop is associated with the interface between the GaInNAs and the top p-GaAs while for the annealed sample the potential drop is shifted to the interface between the GaInNAs layer and the n-GaAs layer. This directly indicates a movement of the pn-junction location and that the conductivity type of the GaInNAs layer must have changed its character upon annealing. Conductivity type changes in GaInNAs have also been seen by other authors in thermally annealed MOCVD-grown GaInNAs [17, 18] and in MBE-grown GaInNAs [19] .
Based on the simulations, the base p-type doping was 1.5 × 10 15 cm 2 but non-uniform profiles of p-type dopants were needed to fully explain the measured results. For holes, a GaInNAs thickness dependent diffusion depth factor variable was needed in the model and the peak p-doping variable was set to be the same as the doping level of the p-GaAs layer above the GaInNAs layer (2 × 10 18 cm −3 ) although in real case any diffusion from p-GaAs would reduce the concentration on the other side of the interface. To illustrate the differences between the dopant profiles, the simulated diffusion profiles for non-annealed and annealed samples with 1200 nm GaInNAs are compared in Figure 4 . The depth factors for the annealed samples are shown in Figure 5 as a function of GaInNAs thickness. The thicker the GaInNAs layer is made, the larger depth factor is needed to fit simulations to the experimental results. It was also necessary to use doping concentration dependent carrier mobilities in the model. This allowed obtaining closely matched values for the measured and simulated J sc and V oc .
The electron and hole lifetimes of non-annealed and annealed samples extracted from the model are listed in Table 2 . For non-annealed samples a good fit is obtained when an electron lifetime of 33 ps and a hole lifetime of 80 ps are used. The hole lifetime is slightly smaller than in [7] due to tuned carrier mobilities. The carrier lifetimes below 100 ps are well in line with time-resolved photoluminescence (TRPL) measurements on non-annealed GaInNAs samples with 2% N [15] . The lifetimes for the annealed samples are also well in the same range as the measured TRPL lifetimes for similar samples [15] .
When the J sc values of non-annealed and annealed samples are compared, a striking fact is that J sc values are smaller for annealed samples, even though the carrier lifetimes are drastically increased. The reduced J sc in annealed solar cells can be explained by the fact that the junction position moves towards the n-GaAs as a result of conductivity type change and the p-dopant profile across the GaInNAs. As a consequence, the position of the depletion region and therefore the electric field profile across the GaInNAs layer is altered. The simulated electric field distributions in non-annealed and annealed samples are shown in Figure 6 . The electric field in the non-annealed sample extends from the interface between the i-GaInNAs and the p-GaAs at 0.3 μm to about 0.9 μm, while for the annealed sample the electric field in that region is very small. However, as a consequence of the moved junction, the electric field of the annealed sample peaks at the location close to the interface between the i-GaInNAs and the n-GaAs, which is well in line with the KPFM measurements. This indicates that, the majority of photocarriers are generated in a volume without a significant electric field and this limits the carrier collection efficiency. When the changes in the carrier mobility due to increased p-doping upon annealing are combined with changes in the electric field profile, the result is reduced J sc in the annealed samples when compared to their non-annealed counterparts, and eventually, decreased J sc for thick GaInNAs layers. The increase of the V oc upon annealing can be explained in the light of the model by two main factors: first, the lifetime increases, which also increases the J sc . Secondly, the diffusion type of concentration profile of p-type dopants overcomes the base doping level almost throughout the GaInNAs layer and its effect on V oc can be understood through the relation
, where k is the Boltzmann constant, T is absolute temperature, N a is the acceptor concentration, Δn is the excess carrier concentration, and n i is the intrinsic carrier concentration [20] . The relation indicates that higher doping level leads to higher V oc values.
The p-type dopant profile in annealed GaInNAs may originate from dopant diffusion from the p-GaAs, but most likely at least part of the profile is caused by defects specific to GaInNAs. Also, the amount of dopants in the p-GaAs is not enough to supply for a diffusion profile needed to explain the I-V results and simultaneously provide high doping levels in the p-GaAs layers. Therefore, the conclusion is that the p-doping profile has to be at least partly induced by a non-uniform transformation of n-GaInNAs to p-GaInNAs in a way that the p-doping concentration increases towards the p-GaAs. The doping profile differences between samples with different GaInNAs thicknesses could arise from combination of different defect populations of GaInNAs formed during the MBE growth and post-growth annealing. However, since the I-V results prior to annealing can be simulated with a good accuracy using fixed doping level and lifetime, any defects playing a role here should be electrically inactive prior to post-growth thermal annealing. It is also known that beryllium diffusion in GaAs pn-junctions can be affected by the internal electric field [21] . In our case the internal electric field reduces when GaInNAs layer thickness increases. Therefore, thicker layers may experience different dopant diffusion during thermal annealing when compared to thinner layers, which in turn could lead to the observed differences in the doping profiles.An alternative model for the doping profiles of annealed samples can also be constructed to reproduce the observed I-V characteristics. If the doping profile of GaInNAs were assumed to be flat, i.e., the p-doping would be kept constant across the layer, a conductivity type transformation would be still needed to explain the experimental results but for such a model clearly higher carrier lifetime values, than those ones presented in Table 2 , would be needed. Figure 7 shows the simulated contour maps of J sc (red lines) and V oc (black lines) for the flat doping model. The crossing points of the thick lines indicate the value closest to the measured value for each sample. The sample with 100 nm GaInNAs is not shown because no clear crossing point was observed to match the measured J sc and V oc .
For the flat doping profile model it becomes clear that the carrier lifetime mostly affects the V oc and the doping concentration affects both V oc and J sc . The carrier lifetime and doping concentrations deduced from Figure 7 are shown in Figure 8 as a function of GaInNAs thickness. The results indicate that the p-doping concentration of the annealed GaInNAs layer reduces as a function of layer thickness. This model can also explain the reduced J sc for the annealed samples by the changes in the electric field profile as a consequence of n-to-p transformation.
It is however improbable that the samples would have flat doping profiles with dopant concentrations changing stepwise from one GaInNAs thickness to another. Also, there exists another factor that does not support the flat doping model for annealed samples. It is related to long carrier lifetimes needed for matching the simulated J sc and V oc to measured ones. Such long lifetimes contradict with the measured TRPL lifetimes [14, 15] for our annealed GaInNAs. Therefore, a more probable scenario is that the carrier concentration is increased in GaInNAs towards the p-GaAs interface as in our initial model. This is also supported to some level by capacitance-voltage measurements performed on GaInNAs n-i-p solar cell structures grown with similar As/III BEP ratios [22] . 
n-i-p Solar Cells
Usually, the multi-junction solar cells are fabricated on p-type substrates in n-on-p configuration because lightly doped p-base layers provide higher minority carrier mobilities than n-type layers and thus a good collection efficiency for the minority carriers is achieved. Therefore, we have also simulated and fabricated dilute nitride solar cells in n-i-p configuration.
The nominal sample structure was presented in Figure 1b . Because the n-i-p structures consist of more than 5 different material layers, we can take into account in PC1D simulations only those layers that matter most. Here, the basic simulation structure consists of the n-AlInP window, the n-GaAs emitter, i-GaInNAs, the p-GaAs base, and the p-GaInP BSF layer. These layers form the essential parts of the structure for the simulation. Some resistive losses take place at the semiconductor interfaces and also in the substrate but these effects are deemed to me minor. The material parameters used for the GaInP and AlInP layers are shown in Table 3 . The mobilities for AlInP and GaInP were based on Hall measurements. Previously, we have performed PC1D simulations on similar structure type to obtain the I-V and EQE characteristics of n-i-p structures with a rather good success [7] . The simulation of the annealed n-i-p GaInNAs single junction solar cells differs from GaInNAs p-i-n simulations discussed above in that no diffusion profiles were used for the carrier concentration profile.
Here we present measured and simulated EQEs of three GaInNAs n-i-p solar cells. The GaInNAs layers had different background doping concentrations due to different As/III ratios [21] . The simulation model is very similar to the p-i-n model, but here the bandgap of the material was set to 0.947 eV, intrinsic carrier concentration was calculated to be 2.80 × 10 10 cm −3 , and the absorption edge was tuned to fit the band edge. The average doping concentrations obtained from the C-V measurements were used as input for the simulation. The measured and simulated EQEs are shown in Figure 9a . A rather good fit to the measured EQE was obtained only when the carrier lifetime was treated as a free parameter. The lifetimes leading to the best fit for each background doping concentration are shown in Figure 9b . The lifetime was found to increase linearly with decreasing p-type background concentration. The flat doping model might not be the best model for these n-i-p solar cells even though it seems to work very well. The reason is the same as discussed for the p-i-n devices -in the samples with higher background carrier concentration it seems that the doping level is not constant as was shown in [22] . And if a non-uniform p-type doping concentration were assumed for these samples, it would probably lead to shorter extracted lifetime components but the similar trend as shown in Figure 9b should still be expected. This means that when using low As/III ratios one can on the other hand reduce the amount of nonradiative recombination that is detrimental to GaInNAs solar cells and also reduce the carrier concentration that is beneficial for the solar cells. This way, EQE values exceeding 0.9 are possible even for GaInNAs solar cells without using Sb as surfactant.
Conclusions
We have constructed a 1D PC1D model for p-i-n and n-i-p GaInNAs solar cells grown by molecular beam epitaxy. For non-annealed p-i-n solar cells very good match to the measured J sc and V oc were obtained using a flat doping model while for annealed samples a non-uniform doping profile and carrier lifetimes approaching 1 ns were needed. Annealing was found to transform the conductivity of GaInNAs from n-type to p-type, which was verified by KPFM measurements. The information obtained from the simulations can also qualitatively explain why the non-annealed solar cells have inferior characteristics when compared to their annealed counterparts. For n-i-p solar cells the model suggests that the lower doping induced by lower As/III BEP ratio is associated with increase in the carrier lifetime. M. Guina is the Head of the III-V Optoelectronics Group at Tampere University of Technology, Finland. He conducts scientific work in the field of molecular beam epitaxy of novel optoelectronic heterostructures and devices. His current projects are concerned with the epitaxy of highly mismatched III-V compounds, epitaxy of nanostructures, the development of high power semiconductor lasers (VECSELs and MOPAs), and the development of ultrahigh efficiency multijunction solar cells based on GaInNAsSb-alloys. He has published more than 150 journal papers, several book chapters, holds
